Abstract. Secretory proteins enter the Golgi apparatus when transport vesicles fuse with the cis -side and exit in transport vesicles budding from the trans -side. Resident Golgi enzymes that have been transported in the cisto-trans direction with the secretory flow must be recycled constantly by retrograde transport in the opposite direction. In this study, we describe the functional characterization of Golgi-derived transport vesicles that were isolated from tissue culture cells. We found that under the steady-state conditions of a living cell, a fraction of resident Golgi enzymes was found in vesicles that could be separated from cisternal membranes. These vesicles appeared to be depleted of secretory cargo. They were capable of binding to and fusion with isolated Golgi membranes, and after fusion their enzymatic contents most efficiently processed cargo that had just entered the Golgi apparatus. Those results indicate a possible role for these structures in recycling of Golgi enzymes in the Golgi stack.
H ow are proteins sorted in the Golgi apparatus? Secretory proteins enter on the cis -side and emerge on the trans -side (Palade, 1975) . In between, they move through a sequence of subcompartments where they are processed by resident Golgi enzymes (Kornfeld and Kornfeld, 1985; Rothman, 1990) . Models to explain how resident Golgi enzymes are separated from the secretory flow fall into three categories that are not mutually exclusive (Nilsson and Warren, 1994) : First, a retention mechanism anchors resident Golgi enzymes in the cisternae in which they reside. Second, anterograde transport is selective and allows only secretory cargo to be transported to the next cisterna. Third, anterograde transport is nonselective, and resident Golgi enzymes are selectively retrieved by retrograde transport.
Vesicular transport between Golgi compartments is mediated by COP I (COat Protein)-coated vesicles. These vesicles were first identified when isolated Golgi membranes were incubated with cytosol and GTP ␥ S (Orci et al., 1986; Malhotra et al., 1989; Serafini et al., 1991) , and they are functional intermediates in the transport of vesicular stomatitis virus (VSV) 1 glycoprotein (VSV-G) between different populations of Golgi membranes in vitro (Ostermann et al., 1993) . Golgi-derived COP I-coated vesicles contain both secretory cargo and resident Golgi enzymes (Ostermann et al., 1993; Sonnichsen et al., 1996) , which indicates that not only secretory cargo is transported between Golgi cisternae. Several other results also indicate that resident Golgi enzymes are mobile; enzymes in early Golgi compartments of yeast cells were processed by enzymes in the late Golgi (Graham and Krasnov, 1995; Harris and Waters, 1996) , and a medial -Golgi enzyme of mammalian cells was modified by an enzyme in the cis -Golgi even after it had reached the medial -Golgi . Golgi enzymes do not appear to be anchored in place but freely diffuse laterally in Golgi membranes (Cole et al., 1996) . Proteins enter the Golgi apparatus in transport vesicles that bud from the ER. Whereas the known Golgi-derived transport vesicles are COP I-coated, COP II-coated vesicles transport secretory cargo from the ER to the Golgi (Barlowe et al., 1994) . Export from the ER is selective: COP II-coated vesicles are enriched in proteins that are destined for export from the ER and depleted of resident ER proteins . These vesicles fuse with each other and with already fused vesicles to form tubular vesicular clusters (Aridor et al., 1995) that travel along microtubules to the cis -Golgi network on the cis -side of the Golgi apparatus (Presley et al., 1997) . From there, vesicle components that are needed for another round of transport as well as ER proteins that were erroneously transported to the Golgi apparatus are returned to the ER by retrograde transport (Pelham, 1988) .
Coatomer (CM), the cytosolic precursor of the COP I coat (Duden et al., 1991; Waters et al., 1991) , specifically recognizes and binds to a retrieval signal on the cytoplasmic tail of ER membrane proteins (Cosson and Letourneur, 1994) , which indicated a role for COP I-coated vesicles in the retrieval of ER proteins. This was confirmed in yeast mutant studies: A strain that failed to retrieve ER proteins was defective in the ␣ -subunit of CM . Another CM mutant, sec21, was shown to be defective in the ␤Ј subunit (Hosobuchi et al., 1992) . Even though this mutant was originally identified as a mutant that failed to secrete proteins (Kaiser and Schekman, 1990) , it was recently shown that the primary defect of this mutant is in the retrograde transport from the Golgi to the ER (Lewis and Pelham, 1996) . The secretion defect can be explained as a secondary effect that results from the failure to retrieve vesicle components from the Golgi that are needed for another round of transport out of the ER (Gaynor and Emr, 1997) .
Electron microscopic analysis of cells has demonstrated that transport vesicles are sufficiently long-lived to be present under steady-state conditions. In a recent analysis of insulin-producing cells, two populations of COP Icoated vesicles were identified. Whereas one contained a marker protein for Golgi-to-ER retrograde transport but not secretory cargo, the other population contained secretory cargo but excluded the retrograde transport marker (Orci et al., 1997) . In this study, we address the transport of Golgi enzymes between Golgi subcompartments, and we provide functional evidence for the existence of retrograde transport carriers in cells that recycle resident Golgi enzymes between Golgi subcompartments.
Materials and Methods
Cell Growth, VSV Infection, and Labeling of VSV-G CHO wild-type (WT) and 15B cells were grown on tissue culture plates in MEM ␣ supplemented with 10% fetal calf serum plus penicillin and streptomycin in a 5% CO 2 atmosphere at 37 Њ C and split 1 to 10 every 2 d. For large scale preparations of CHO WT cell, cells were grown in spinner flasks until confluent. For infection, 15B cells were grown on plates until 90% confluent. Cells were incubated with VSV in 5 ml media without serum per 15-cm plate for 45 min. 15 ml of media with serum was added, and the infection was continued for an additional 3 h. Cells were harvested by trypsinization, resuspended in methionine-free media, and incubated with 0.5 mCi per ml of [ 35 S]methionine/cysteine for 5 min at 37 Њ C ("pulse"). 10 ml of methionine-containing media was added per 1 ml of labeling reaction and the mixture was incubated for an additional 0-20 min at 37 Њ C ("chase").
Permeabilization of Cells and Flotation of Vesicles
Cells were washed in PBS and ST (0.2 M sucrose, 10 mM Tris, pH 7.2) buffer, resuspended in 4 ml of ST per 1 ml of cell pellet, frozen in liquid nitrogen, and kept at Ϫ 75 Њ C until needed. Cells were thawed in a water bath at room temperature and transferred on ice immediately after thawing. Permeabilized cells were pelleted by 5 min of centrifugation at 1,000 g at 4 Њ C. Vesicles remained in the supernatant. To separate vesicles from cytosol, vesicles were pelleted by ultracentrifugation and resuspended in 0.8 ml KHM buffer (150 mM KCl, 10 mM Hepes, pH 7.2, 2.5 mM MgOAc). 1.2 ml of 50% iodixanol ("optiprep") in HM (10 mM Hepes, pH 7.2, 2.5 mM MgOAc) was added, and the mixture was overlaid in an SW55 tube (Beckman Instruments, Fullerton, CA) with 2 ml of 25% iodixanol in KHM and 1 ml of 10% iodixanol in KHM. Vesicles were floated to the 10%/25% interface by 3 h of centrifugation at 55,000 rpm at 4 Њ C and harvested at the interface.
Fractionation by Velocity Sedimentation 1 ml each of 37.5, 35, 32.5, 30, 27.5, 25, 22.5, 20, 17.5, 15, and 12.5% (wt/wt) sucrose in KHM were overlaid in an SW41 tube (Beckman Instruments) and left at room temperature until linear. 1 ml sample was laid on top, and the gradient was centrifuged for 35 min at 40,000 rpm in an SW41 rotor at 4 Њ C. 12 fractions of 1 ml were collected from the top. Galactosyl transferase (GalT) and N -acetylglucosaminyl transferase (NAGT) activity was measured as published (Brew et al., 1975; Vischer and Hughes, 1981) . To fractionate budding reactions, a 100-l budding reaction was loaded on a 600-l 15-32.5% sucrose in KHM gradient in a 700-l SW55 tube (5-mm diameter, 41-mm length). The gradient was centrifuged for 15 min at 50,000 rpm in an SW55 rotor (using the appropriate adaptors) at 4 Њ C. 10 fractions of 70 l each were collected from the top using a gel loading tip.
Binding and Fusion Assays
For binding experiments, vesicles (supernatant from permeabilized cells or after flotation) were mixed with CHO Golgi membranes and cytosol that were isolated as published (Balch et al., 1984) . For example, 50 l of supernatant was mixed with a 100-l premix containing 10 l WT Golgi membranes, 15 l CHO cytosol, 75 M ATP, 3 mM creatine phosphate, and 12 IU/ml creatine kinase in 10 mM Hepes, pH 7.2, and 2.5 mM MgOAc. KCl and sucrose were added to 50 and 200 mM final, respectively. Samples were incubated for 20 min on ice or at 37 Њ C. Samples were either diluted in 7.5% sucrose in KHM and fractionated by velocity sedimentation, or Golgi membranes were pelleted by a sequence of two centrifugations at 17,000 g. Vesicles that remained in the supernatant were pelleted by ultracentrifugation.
For fusion assays, isolated Golgi membranes or aliquots of fractions from the velocity sedimentation gradients as indicated in the figure legends were mixed and incubated as described in the binding experiments, except that 1 mM UDP-GlcNAc was added, and samples were incubated for 1-2 h. When gradient fractions instead of Golgi membranes were mixed, 200 ng/ml NSF was added. After incubation, Golgi membranes were pelleted (see Fig. 2 ) or VSV-G was immunoprecipitated (see Fig. 4 ), dissolved in 50 mM citrate, pH 5.5, 1 mM DTT, and 0.4% SDS, and denatured for 3 min at 95 Њ C. An equal volume of 50 mM citrate was added, and endoglycosidase H (Endo H) was added when indicated. After incubation for 1 h at 37 Њ C, electrophoresis sample buffer was added, and the sample was loaded on a 10% acrylamide gel. After electrophoresis, gels were dried, and proteins were visualized by phosphorimaging or autoradiography. For phosphorimaging, exposures were typically chosen with a maximum intensity (100% black) between 10 2 and 10 3 . The minimum intensity (0% black) was set to 1/100 of this value, and intensities in between were linearly assigned gray scale values from 0 to 100%.
Isolation of Vesicles from Treated Cells
CHO WT cells grown in spinner culture to near confluency were incubated with 30 mM NaF and 50 m AlCl 3 for 20 min at 37 Њ C. All subsequent steps were done at 4 Њ C. Cells were pelleted by centrifugation, washed in PBS and ST, and homogenized in ST. NaF and AlCl 3 were added to the PBS and ST buffers used in the wash and homogenization steps. To isolate vesicles from homogenate, a medium speed supernatant was prepared by 10 min of centrifugation at 17,000 g. Vesicles in the supernatant were pelleted by ultracentrifugation, resuspended in KHM buffer, and fractionated by velocity sedimentation on a 30-ml linear 15-35% sucrose/KHM gradient in an SW28 tube (25 min at 28,000 rpm). Vesicle-containing fractions were identified by measuring GalT activity and were pooled and layered on top of a 0.75-ml cushion of 50% iodixanol in HM. Vesicles were pelleted on this cushion by 3 h of centrifugation at 41,000 rpm in an SW41 rotor. 1.5 ml was collected from the bottom and mixed with 0.5 ml of 50% iodixanol in HM. A step gradient of 2 ml of 25% and 1 ml of 10% iodixanol in KHM was layered on top of this sample, and the gradient was centrifuged for 3 h at 55,000 rpm in an SW55 rotor. Vesicles were harvested at the 10%/25% interface. For immunoisolation, M450 magnetic beads coated with anti-mouse IgG (DYNAL, Inc., Great Neck, NY) were preincubated with saturating amounts of CM1A10 monoclonal antibody in binding buffer (KHM buffer plus 0.2 M sucrose and 0.5 mg/ml milk powder as a blocking agent). Beads were reisolated with a magnet and incubated with 5 l of vesicles in binding buffer for 2 h with gentle agitation. Beads were collected with a magnet and washed three times in binding buffer plus one time in binding buffer without milk powder. The supernatant and the first wash buffer were combined, and vesicles that did not bind to beads or were released in 
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the first wash were pelleted by ultracentrifugation. Half of each sample (beads or vesicles that were pelleted from the supernatant) was dissolved in electrophoresis sample buffer and NAGT or GalT assay buffer.
Formation of COP I-coated Vesicles In Vitro
COP I-coated vesicles were prepared as described (Ostermann et al., 1993) , except that the salt wash step was omitted, and vesicle formation was done in a one-stage incubation with CM, myristylated ADP ribosylation factor (mARF), GTP, and PalCoA. At the end of the vesicle formation reaction, salt was added to 180 mM final, and Golgi membranes were pelleted by 10 min of centrifugation at 17,000 g. The supernatant was mixed with a transport reaction containing VSV-infected 15B Golgi, and fusion was measured using the Golgi transport assay as described previously (Balch et al., 1984) .
Results

Two Populations of Golgi Enzyme-containing Membranes
We asked whether we could detect evidence for the existence of functional retrograde transport vesicles in cellular homogenate. If vesicle formation is faster than vesicle fusion, then Golgi-derived vesicles might be present in cells in sufficient amounts to allow their detection even without the use of inhibitors of vesicle fusion. Furthermore, if resident Golgi enzymes move forward with the secretory flow and are constantly retrieved, then even a large amount of those enzymes could be in vesicles at any given time.
To separate small Golgi-derived vesicles from large cisternal membranes in cellular homogenates, we used velocity sedimentation on sucrose density gradients. While Golgi and ER-derived transport vesicles form as coated vesicles, their coat proteins are rapidly removed from the vesicles after budding. Therefore, we expect that vesicles and cisternal membranes are of similar density and that their sedimentation speed only depends on their size and shape. Large membranes (for example, cisternal Golgi membranes) will sediment quickly, and small membranes (for example, transport vesicles) will sediment slowly. In each fraction we measured the activity of two Golgi-specific enzyme activities, GalT, and NAGT activity. GalT modifies N-linked glycans by attaching galactose residues and is mostly localized in late Golgi compartments. The bulk of NAGT activity is attributable to the enzyme NAGT I, which is mostly found in the medial -Golgi apparatus (Nilsson et al., 1993) . We found that both GalT and NAGT activity in homogenate distributed in two peaks: Whereas most of the activity was found in quickly sedimenting membranes ( Fig. 1 a , peak in fractions 8 to 10), ‫ف‬ 10% of NAGT and 25% of GalT activity fractionated differently and were found in more slowly sedimenting and therefore smaller membranes ( Fig. 1 a , peak in fraction 3).
To determine whether the quickly sedimenting membranes are cisternal Golgi membranes, we isolated Golgi membranes from homogenate according to the protocol that is used to prepare Golgi membranes for use in the in vitro transport assay (Balch et al., 1984) . When those membranes were fractionated by velocity sedimentation, GalT and NAGT activity was found close to the bottom of the gradient in fractions 8-10 ( Fig. 1 b ) . The smaller vesicles that were found in cellular homogenate were depleted from Golgi membrane preparations.
While the Golgi apparatus is tightly anchored in the cell, Golgi-derived transport vesicles are thought to be less tightly bound if not freely diffusible . Therefore, we would expect that such vesicles are released when cells are permeabilized. To do so, we resuspended cells in an isotonic sucrose buffer and permeabilized them by rapid freezing in liquid nitrogen followed by quick thawing in a water bath at room temperature. Per- and c, measurements of NAGT and GalT activities were obtained from separate gradients. The differences of one fraction in the peak position are not thought to be significant. meabilized cells were pelleted by low-speed centrifugation at 1,000 g. While most of the GalT-and NAGT-containing membranes remained inside the permeabilized cells and were pelleted, 5-10% of both GalT and NAGT activity remained in the supernatant. When those membranes were fractionated by velocity sedimentation, the fractionation profiles were similar to the fractionation profiles of the slowly sedimenting vesicles present in cellular homogenate ( Fig. 1 c ) .
Golgi Enzymes in Vesicles Are Efficiently Transferred to Cisternal Membranes
If the vesicles identified by us were transport vesicles, we would expect them to fuse with isolated Golgi membranes. To determine their fusion competence, we used an assay that was modified from the well-known in vitro Golgi transport assay (Balch et al., 1984) . Newly synthesized VSV-G was pulse labeled with [
35 S]methionine for 5 min, and cells were incubated for 10 min in the presence of unlabeled methionine before isolation of the Golgi membranes so that the majority of the labeled VSV-G would be in the Golgi apparatus of the 15B cells. The Golgi apparatus of 15B cells lacks functional NAGT I (Gottlieb et al., 1975) , and, as a result of this defect, VSV-G remains sensitive to digestion by Endo H. If WT cell-derived vesicles would fuse with Golgi membranes derived from 15B mutant cells, then the glycosylation defect in the mutant Golgi should be corrected by NAGT I contained in the vesicles. If fusion occurred, VSV-G would be processed by NAGT I. This would allow subsequent processing by mannosidase II, which would render VSV-G Endo H resistant.
VSV-G in Golgi membrane preparations isolated from 15B cells can be separated into a doublet of bands by gel electrophoresis (Fig. 2 a , lane 1 ) . The upper band is the only form seen when the chase is omitted and therefore must be the ER-localized high-mannose form of VSV-G. During the chase, this form is converted into the slightly faster migrating form of VSV-G, which was processed by mannosidase I (Man I) in the early Golgi. This lower band consists of Golgi-localized VSV-G, and it is this form of VSV-G that is processed by NAGT I. When Golgi membranes are isolated after a 10-min chase, on average two thirds of VSV-G is in the Golgi and one third in the ER form. The presence of the ER form is most likely due to an ER contamination in our Golgi membrane preparation, as well as Golgi localized VSV-G that has not yet been processed by Man I. After incubation of VSV-G-containing Golgi membranes with vesicles derived from WT cells, approximately half of the total VSV-G was converted to the Endo H-resistant form (Fig. 2 a , lane 4 ) .
If the Golgi-derived vesicles are indeed transport intermediates, we would expect that NAGT I in vesicles is more efficiently transferred to Golgi membranes than NAGT I in cisternal membranes. Even though cisternal membranes can generate fusion competent NAGT I-containing vesicles, only part of the NAGT I in cisternae would be incorporated into vesicles and transferred to the other Golgi population. We fractionated homogenate from WT cells by velocity sedimentation and added an aliquot of each fraction to a fusion reaction (Fig. 2 b ) . Maximum conversion of VSV-G to the Endo H-resistant form was observed when membranes from fractions 2 and 3, which contained the vesicles, were added. Even though fractions 6-10 contained the bulk of the Golgi enzymes, much less of the total VSV-G was processed. The more efficient glycosylation of VSV-G after incubation with vesi- 35 S]methionine followed by a 10-min chase. Golgi membranes were isolated from those cells and were mixed with WT cell-derived vesicles in the presence of cytosol, ATP, and UDP-GlcNAc. After incubation on ice or at 37ЊC, membranes were pelleted by centrifugation, and proteins were digested with Endo H when indicated. Proteins were separated by gel electrophoresis, and VSV-G was visualized by phosphorimaging. (b) An aliquot of each fraction from the velocity sedimentation gradient shown in a was incubated with VSV-G-containing 15B Golgi membranes as described above. (c) Golgi membranes containing labeled VSV-G were prepared as described in a, except that the chase time was varied from 0-20 min. Golgi membranes from each preparation were allowed to fuse with WT cell-derived vesicles and analyzed as described above. (d) Comparison of Man I processing of VSV-G in Golgi membranes after different chase times with the percentage of Endo H resistance after membrane fusion. To determine Man I processing, Golgi membranes were incubated at 37ЊC without vesicles to allow for completion of Man I processing before fractionation by gel electrophoresis. VSV-G was visualized by phosphorimaging, and the amount of VSV-G in the more quickly migrating band representing Man I-processed VSV-G was quantified. Endo H resistance was quantified by phosphorimaging from the experiment shown in c.
cles instead of cisternal membranes supports our view that these vesicles are indeed transport intermediates.
We determined next whether the NAGT I-containing vesicles fuse preferentially with early or late Golgi subcompartments. VSV-infected 15B cells were pulse labeled for 5 min, followed by a chase for 0, 5, 10, or 20 min at 37 Њ C. Four different Golgi preparations were prepared from these cells, which now contained labeled VSV-G in either early or late compartments of the Golgi. We asked first how well VSV-G in those preparations was processed after incubation with WT cell-derived vesicles (Fig. 2 c ) and found that maximal conversion to the Endo H-resistant form was observed after a chase of 5 min. Next, we determined which percentage of VSV-G could serve as a substrate for NAGT I processing. Mostly, this is VSV-G that was processed by Man I, but it also included VSV-G that had reached a Man I-containing compartment but was not yet processed by the time Golgi membranes were isolated, but will be processed by Man I during the later incubation. Man I catalyzes the first Golgi processing step, and the time of processing by Man I indicates when the wave of VSV-G labeled during the pulse enters the Golgi. To be certain that all VSV-G in a Man I-containing compartment was processed by Man I, Golgi membranes were incubated at 37 Њ C to allow for completion of this reaction before a sample of these Golgi membranes was loaded on a gel. Processing of VSV-G by Man I could be detected by the increase in mobility caused by the removal of six mannose residues from VSV-G by Man I. The amount of Man I processing of VSV-G was quantified by phosphorimaging and compared to the amount of Endo H resistance that VSV-G could acquire after fusion of those Golgi membranes with WT cell-derived vesicles (Fig. 2 d ) .
We found that most of the Man I-processed VSV-G from the 0-and 5-min chase times could subsequently be processed by NAGT I supplied by vesicles and subsequently become Endo H resistant. After longer chase times, however, the percentage of Endo H-resistant VSV-G decreased, even though the amount of substrate for NAGT I processing (the Man I-processed VSV-G) increased. This result indicates that shortly after Man I processing, VSV-G moves into later Golgi compartments that no longer consume the NAGT I-containing vesicles. It appears that the vesicles fuse preferentially with the earliest Golgi compartment, which is where Man I processing occurs. If NAGT I-containing vesicles could fuse equally with all Golgi compartments, then we would expect Man I-processed VSV-G in all Golgi compartments to be processed by NAGT I with similar efficiency.
Processing by NAGT I also requires the presence of the UDP-GlcNAc/UMP antiporter, and proteins become Endo H resistant only after processing by mannosidase II, which cleaves mannose residues of glycans that were processed by NAGT I. Those enzymes would be expected to colocalize with NAGT I in the medial -and trans -Golgi. As VSV-G in the early Golgi is efficiently converted to the Endo H-resistant form after delivery of NAGT I from vesicles, it is possible that mannosidase II and the antiporter are present in these vesicles as well. On the other hand, the distributions of Golgi enzymes overlap in the Golgi stack (Nilsson et al., 1993) , and it is therefore likely that the Man I-containing compartment of the 15B cells contains some mannosidase II and UDP-GlcNAc/UMP antiporter activity. Because of the long incubation time of the in vitro assay, these low activities may be sufficient so that processing of VSV-G to the Endo H-resistant form would require only the addition of WT NAGT I activity.
Vesicles Bind to Golgi Membranes in an Energy-and Cytosol-requiring Reaction
The results from the membrane fusion experiments demonstrated that a fraction of NAGT I activity is transferred to 15B Golgi membranes, but it did not allow us to determine how much of the vesicles fused with Golgi membranes. As an alternative assay, we studied the binding of vesicles to cisternal Golgi membranes by determining whether the vesicle-associated enzyme activity cofractionated with cisternal membranes after incubation. Such a cofractionation would at the least require stable binding of vesicles to cisternal membranes, but it would also include membrane fusion. We followed the vesicle-associated GalT activity in these experiments since a larger amount of this activity was found in the vesicle containing fractions.
We incubated vesicles with isolated Golgi membranes in the presence of cytosol and ATP for 20 min on ice or at 37 Њ C. At the end of the incubation, the mixture was fractionated by velocity sedimentation (Fig. 3 a ) . While the GalT activity present in vesicles (fraction 2 and 3) and cisternal membranes (fraction 8 to 10) remained separated when the incubation was done on ice, after incubation at 37 Њ C most of the vesicle-derived GalT was transferred to the fractions containing cisternal membranes. However, when vesicles were incubated in the absence of Golgi membranes, we observed no change in their rate of sedimentation (Fig. 3 b ) . We conclude that vesicles are capable of reassociating with cisternal Golgi membranes but will not reassemble with each other into larger structures. In addition to vesicles, the supernatant of permeabilized cells also contained other membrane fragments, possibly plasma membrane derived, that were generated by the freeze/thaw cycle. These fragments, which constituted the bulk of the membranes present in the supernatant of permeabilized cells, are larger than Golgi-derived vesicles and were therefore found in the bottom fractions of the gradient (as determined by protein staining, data not shown). We did not observe any association of the vesicles with these fragments after incubation, which indicates that Golgi-derived vesicles do not nonspecifically bind to all membranes.
To ascertain that the binding of vesicles to Golgi membranes is indeed the result of an enzymatic reaction and not simply nonspecific aggregation, we determined the energy and cytosol requirements of vesicle docking. We used a simplified assay that made use of the different sedimentation behavior of vesicles and cisternal Golgi membranes. Whereas GalT activity in vesicles remains in the supernatant after a medium-speed centrifugation, cisternal Golgi membranes are efficiently pelleted under those conditions. We incubated vesicles or Golgi membranes separately or together. When vesicles were incubated alone on ice or at 37 Њ C, vesicle-derived GalT activity remained in the supernatant (Fig. 3 c , 1 . pair). GalT activity of isolated Golgi membranes was efficiently pelleted under those conditions, and only a small amount remained in the supernatant (Fig. 3 c , 2 . pair). When both were incubated together on ice, vesicle-derived GalT remained in the supernatant. However, after incubation at 37 Њ C in the presence of cytosol and ATP, approximately two thirds of the vesiclederived GalT was removed from the supernatant (Fig. 3 c ,  3 . pair). When ATP was omitted from the incubation, the vesicle-derived GalT activity remained in the supernatant, which demonstrates that vesicle docking requires energy (Fig. 3 c , 4 . pair). To determine whether vesicle binding requires cytosol, we partially purified vesicles to remove cytosolic proteins that were also released when cells were permeabilized. Vesicles and Golgi membranes were incubated with the indicated concentrations of CHO cytosol on ice (control) or at 37 Њ C. Golgi membranes and Golgi-bound vesicles were pelleted by centrifugation, and the amount of GalT that remained in the supernatant was determined and expressed as a percentage of the amount present in the control incubation that was kept on ice (Fig. 3 d ) . (Values greater than 100% are caused by partial fragmentation of cisternal Golgi membranes after incubation at 37 Њ C in the absence of cytosol.) We found that vesicles efficiently bound to cisternal membranes only when cytosol was added.
Secretory Cargo Is Restricted to Cisternal Golgi Membranes
Is secretory cargo similarly found in both vesicles and cisternal membranes? To answer this question, we infected cells with VSV and asked which membranes contained VSV-G, the viral glycoprotein that is a marker for secretory protein transport. We chose VSV-G as our marker for anterograde transport for several reasons: VSV-G is expressed at high levels when cells are infected with VSV, which allows us to detect even small amounts of the protein. The steps in its glycosylation are well characterized (Kornfeld and Kornfeld, 1985) , and by analyzing how VSV-G is glycosylated, we can determine whether it is derived from the ER, in transit through the Golgi, or emerging from the trans-side of the Golgi. But most importantly, much of the previous work on transport through the Golgi of mammalian cells studied transport of VSV-G, and there is no doubt that VSV-G moves through the Golgi subcompartments in the cis-to-trans direction.
15B cells were infected with VSV, and Golgi-localized VSV-G was labeled by a 5-min pulse followed by a 10-min chase at 37ЊC. We found that the GalT distribution between vesicles and cisternae was similar in 15B cells and WT cells and was not affected by the infection; with or Figure 3 . Binding of Golgiderived vesicles to cisternal membranes. (a) Vesicles (supernatant of permeabilized cells) were mixed with isolated Golgi membranes, CHO cytosol, ATP, and an ATP-regenerating system. Samples were incubated for 20 min on ice or at 37ЊC before they were loaded on a sucrose gradient and fractionated by velocity sedimentation. (b) Same as in a, except that Golgi membranes were omitted and a larger amount of vesicles was loaded on the gradient. (c) Vesicles (supernatant of permeabilized cells) or Golgi membranes were incubated alone or together in the presence of cytosol and, unless indicated, ATP and an ATPregenerating system. After incubation for 20 min on ice or at 37ЊC, large membranes were pelleted by a mediumspeed centrifugation. Small vesicles remained in the supernatant. To determine the GalT activity in the supernatant, vesicles were pelleted by ultracentrifugation and dissolved in GalT assay buffer. (d) Vesicles were separated from cytosol by flotation on a density gradient. Cytosol-free vesicles were mixed with isolated Golgi membranes and the indicated amounts of cytosol and incubated on ice or at 37ЊC. At the end of the incubation, large membranes were pelleted, and the amount of GalT activity in the supernatant was determined. The amount of GalT activity in the supernatant was expressed as a percent of the corresponding control that was kept on ice.
without infection, 25-30% of GalT activity was found in the vesicle-containing fractions. Saturating amounts of VSV were used for the infection to assure that all cells were infected, and cells were harvested when they synthesized almost exclusively viral proteins. We homogenized those cells and fractionated the homogenate by velocity sedimentation (Fig. 4 a) . The peak of VSV-G distribution was found in fraction 7, overlapping with the peak of Golgi enzyme activity in cisternal membranes. Contrary to our results with resident Golgi enzymes, no second peak of VSV-G-containing vesicles was observed. Only small amounts of VSV-G-containing membranes ‫%5ف(‬ of the total) were found in fractions 2-4. The lack of a peak in their distribution indicates that these membranes are of variable size, as would be expected if they were generated by mechanical fragmentation of larger structures.
We tested whether the VSV-G-containing membranes could fuse with WT Golgi membranes when they were incubated together. Glycosylation of VSV-G could occur as a result of vesicular transport (of VSV-G to WT Golgi membranes, or of the WT enzyme to the VSV-G-containing membranes) or by direct fusion (of WT Golgi with VSV-G-containing membranes). While our results in Fig.  2 indicate that cisternal Golgi membranes are much less efficient than Golgi-derived vesicles in transferring NAGT I to VSV-G-containing 15B Golgi membranes, we could still obtain an efficient glycosylation reaction by adding concentrated Golgi preparations. In the experiments shown in Fig. 2 , homogenate was fractionated by velocity sedimentation, and since the cisternal membranes spread out over several fractions, they are more dilute in those fractions than they were in homogenate. The Golgi-enriched membranes that are routinely used in the in vitro Golgi transport assay are prepared by flotation from homogenate on a step gradient that yields a preparation that is much more concentrated.
While VSV-G in fraction 7 and neighboring fractions became Endo H-resistant after incubation with concentrated WT Golgi membranes, the small amount of VSV-G in fractions 2-4 could not be processed (Fig. 4 b) . Similar results were obtained when WT Golgi-derived vesicles were added instead of WT Golgi membranes (Fig. 4 c) . While VSV-G in fractions 6-8 was efficiently processed, VSV-G in fractions 2-5 was not. We have shown above that the Golgi enzyme containing vesicles could efficiently bind to cisternal Golgi membranes, and we also asked whether the VSV-G-containing small membranes could do the same. However, we did not find any specific association of VSV-G-containing membranes with cisternal Golgi membranes (data not shown).
In conclusion, fusion competent and functional VSV-G-containing membranes are only found in the fractions containing cisternal membranes. The majority of the small VSV-G-containing membranes are not functional and most likely are fragments. However, it is possible that at least some of those membranes are transport vesicles. We estimate that 5-10% of the total VSV-G in a gel lane must be processed to the Endo H-resistant form so that this band is readily detectable over the background. Therefore, at most, 0.25-0.5% of the total VSV-G (5-10% of the VSV-G in fractions 2-4, which is 5% of the total) could be in vesicles that escaped our detection. This is, however, a much smaller amount than the amount of resident Golgi enzymes contained in these fractions, which indicates that VSV-G is depleted from the Golgi enzyme-containing vesicles.
COP I Components Are Required for Vesicular Transport of Resident Golgi Enzymes between Golgi Membranes In Vitro
The data presented so far indicate that the Golgi enzymecontaining vesicles could be involved in retrograde transport. Golgi membranes are capable of producing COP I-coated vesicles, and these vesicles are intermediates in the transport between Golgi subcompartments in vitro (Ostermann et al., 1993) . As COP I-coated vesicles are involved in recycling from the Golgi to the ER Lewis and Pelham, 1996; Gaynor and Emr, 1997) , it would seem reasonable to expect that they might also play a role in recycling between Golgi compartments. To determine the relationship between the putative retrograde transport carriers observed in this study and COP I-coated vesicles, and to provide supporting evidence that they might indeed be COP I-coated vesicles, we asked whether they cofractionate. Since the COP I coat is normally rapidly lost after budding, we made use of the inhibitor AlF . AlF treatment of cells results in an accumulation of coated vesicles, similar to the effect that is seen when isolated Golgi membranes are incubated with GTP␥S and cytosol (Melancon et al., 1987) . After AlF treatment, cells were homogenized, and Golgi-derived membranes (both vesicles and cisternal membranes) in the homogenate were separated from soluble proteins by flotation followed by velocity sedimentation fractionation. We identified COP I-coated membranes with an antibody against the ␤-subunit of coatomer (␤COP) and measured GalT activity in each fraction to identify fractions containing Golgi-derived membranes (Fig. 5 a) . We found that almost all of the bound ␤COP cofractionated with small Golgi-derived vesicles (peak in fraction 3) and that only small amounts of ␤COP were found on the cisternal Golgi membranes (peak in fraction 8).
To determine whether at least a subset of Golgi enzyme-containing vesicles remained COP I-coated under those conditions, we immunoisolated COP I-coated vesicles using the monoclonal antibody CM1A10 that recognizes the COP I coat (Fig. 5 b) . We preincubated magnetic beads with saturating amounts of CM1A10, reisolated the beads to remove free antibody, and incubated the antibody-coated beads with vesicles that were isolated from AlF -treated cells. After allowing for vesicle binding, the beads were collected with a magnet, and the supernatant was removed. Beads were washed in buffer, and membranes that remained in the supernatant (plus the buffer of the first wash) were pelleted by ultracentrifugation. Half of each sample (vesicle pellet or vesicles bound to beads) was dissolved with electrophoresis sample buffer for electrophoresis and Western blotting, and the other half was used for a NAGT assay. To determine the yield of the immunoisolation, we determined how much of the COP I coat protein ␤COP and how much of the COP I vesicle protein p24 (Stamnes et al., 1995) bound to antibody-coated beads. Binding of ␤COP was efficient; more than 50% of the total ␤COP bound to beads, and approximately half of the p24 present in the vesicle sample bound to the beads. When we determined the amount of NAGT activity that was bound to antibodycoated beads, we found that 15-25% of the NAGT activity bound to the beads when the antibody was added. No binding occurred to control beads that did not have antibody added. Similar results were obtained when GalT activity was measured instead of NAGT activity (data not shown). The efficient coprecipitation of p24 with COP I antibodies shows that the coat remains bound to the membranes during immunoisolation. Therefore, the lower yield of NAGT activity that is immunoprecipitated is most likely not caused by loss of coat proteins from the vesicles but rather indicates that only a subfraction of NAGT activity is in COP I-coated vesicles after AlF treatment. A possible explanation for this is that AlF treatment might accumulate mostly vesicles in the ER-to-Golgi pathway and that only a smaller fraction of the Golgi-derived vesicles remains COP I-coated under those conditions. Indeed, we found that under the AlF treatment conditions used by us, ER to Golgi transport of VSV-G was inhibited, and vesicles containing ER-derived VSV-G accumulated. Processing of VSV-G in the Golgi, however, was not inhibited under those conditions (data not shown).
We asked next whether resident Golgi enzymes can be transported between isolated Golgi stacks in COP I-coated Golgi enzyme-containing membranes were detected by measuring GalT activity. (b) AlF -treated CHO cells were homogenized, and coated vesicles were isolated as described in Materials and Methods. An aliquot of these vesicles was incubated with M450 magnetic beads that had been preincubated with CM1A10 antibody. In controls, beads were not preincubated with antibody, or vesicles were omitted. After binding, beads were recovered with a magnet, and membranes that remained in the supernatant were pelleted by ultracentrifugation. Half of each sample was dissolved in electrophoresis sample buffer and in NAGT assay buffer. The amount of ␤COP and p24 in each fraction was determined by Western blotting. The secondary antibody used to detect the monoclonal antibody bound to ␤COP also binds to the heavy and light chain of the CM1A10 antibody. CM1A10 antibody is present in the electrophoresis samples since it is released when antibody-coated beads are extracted with electrophoresis sample buffer. The faint band visible in the p24 blot in the supernatant fractions of the lanes without vesicles is most likely a nonspecific cross reaction of the p24 antibody with milk powder proteins that were added as blocking agent. vesicles. For this, we used the established Golgi transport assay (Balch et al., 1984) and asked whether a significant percentage of the signal measured in this assay was recovered when COP I-coated vesicles that budded from WT Golgi membranes were allowed to fuse with 15B Golgi membranes that had been isolated from VSV-infected cells. If COP I-coated vesicles transfer NAGT I between the Golgi stacks in this assay, then delivery of NAGT I to the 15B Golgi would allow glycosylation and incorporation of [ 3 H]GlcNAc into VSV-G. We followed the previously established protocol to assemble COP I-coated vesicles in vitro Ostermann et al., 1993) and used WT Golgi membranes as donor membranes for vesicle formation. Membranes were incubated with CM and mARF in the presence of GTP and palmitoyl-CoA. At the end of the incubation, the salt concentration was increased to assure that no vesicles remained bound, and Golgi membranes were pelleted by centrifugation. The supernatant was mixed with Golgi membranes from VSV-infected 15B cells together with cytosol, ATP, and [ 3 H]UDP GlcNAc. As controls, CM or mARF was omitted from the first incubation. We observed glycosylation of VSV-G only when the preincubation was done in the presence of both CM and mARF (Fig. 6 a) , which demonstrates that glycosylation of VSV-G depended on the formation of COP I-coated vesicles in the first incubation. To see how completely the assay signal was reconstituted by the two-stage incubation as compared to an incubation that contained both types of Golgi membranes together, we measured the time course of the fusion reaction. Both the kinetics and the extent of glycosylation were similar when either vesicles were added to 15B Golgi membranes (Fig. 6 b, open squares) or when the same amount of WT Golgi membranes that had been used for the vesicle formation reaction was directly mixed with 15B Golgi membranes (Fig. 6 b, closed squares) . We expected similar kinetics since the slow steps of the complete transport reaction are glycosylation of VSV-G and membrane fusion, but not vesicle formation (Taylor et al., 1994) . We conclude that enough NAGT I is transported in a COP I-dependent manner between isolated Golgi cisternae to allow for efficient glycosylation of VSV-G.
As an alternative to separating the budding reaction into a pellet and supernatant by medium-speed centrifugation, we fractionated the complete reaction by velocity sedimentation. This allowed us to directly compare the activity of slowly sedimenting vesicles with more quickly sedimenting cisternal membranes (Fig. 6 c) , similarly to the experiments done with whole cellular homogenate. WT Golgi membranes were incubated with the budding Figure  6 . Transport of NAGT I between isolated Golgi membranes. (a) WT Golgi membranes were incubated at 37ЊC with or without CM and mARF as indicated. Golgi membranes were pelleted, and the supernatant was mixed with VSV-G-containing 15B Golgi membranes. Incorporation of [ components (CM, mARF, GTP, PalCoA) either on ice or at 37ЊC. At the end of the incubation, the salt concentration was increased to prevent vesicle binding to cisternal membranes, and the reaction mixture was fractionated by velocity sedimentation. After fractionation, we assayed in each fraction its activity in the transport assay (Fig. 6 c) as well as total NAGT activity (Fig. 6 d) .
We found that both with or without incubation, most of the total NAGT activity was found in the bottom fractions of the gradient. However, when we measured the activity of each fraction in the transport assay, a different result was obtained. When the budding reaction was kept on ice, the highest activity in the transport assay was found in the membranes that contained the bulk of the NAGT activity. After incubation at 37ЊC, however, the peak of activity in the transport assay was found in fraction 4, which contained more slowly sedimenting membranes. It is important to note that the incubation did not result in drastic change in the sedimentation behavior of the bulk NAGT activity. Only a small amount of NAGT was redistributed from the cisternal membranes to the vesicle-containing fractions. This is consistent with previous findings that the bulk of the Golgi membranes stay intact and that only a fraction of the total membranes vesicularize under those conditions . However, just as we found with the vesicles isolated from cellular homogenate, and as we would expect for a functional transport intermediate, the small amount of NAGT I contained in vesicles was more efficiently transferred to the 15B Golgi membranes than the large amount remaining in cisternal membranes.
Discussion
In this study, we provide evidence that two different types of Golgi enzyme-containing membranes can be found in cellular homogenate. One population represents small vesicles that cofractionate with the known COP I-coated vesicles, whereas the other population fractionates as would be expected for Golgi cisternae. The most striking difference between these two populations was observed in membrane fusion experiments. When either vesicles or cisternal membranes from WT cells were mixed with VSV-G-containing Golgi membranes from the NAGT I-deficient 15B mutant, then the small amount of NAGT I contained in the vesicles glycosylated a larger percentage of VSV-G than the bulk of NAGT I that cofractionated with the cisternal membranes. The NAGT I-containing vesicles did not seem to fuse nonspecifically with all Golgi subcompartments. VSV-G that had just entered the Golgi apparatus, as determined by its processing by the first Golgi processing enzyme Man I, was most efficiently processed by NAGT I in vesicles. This indicates that the NAGT I-containing vesicles fuse preferentially with the cis-side of the Golgi apparatus.
Very different results were obtained when VSV-G in transit through the Golgi was analyzed. Whereas Golgi enzyme-containing vesicles were sufficiently abundant in homogenate to form a separate peak when homogenate was fractionated by velocity sedimentation, no such peak of VSV-G-containing vesicles was found. While some VSV-G was found in the vesicle-containing fractions, the VSV-G-containing membranes appeared to be incompetent to fuse under the conditions tested by us. While Golgi enzyme-containing vesicles efficiently bound to cisternal membranes, the VSV-G-containing membranes did not. These results indicate that the small amount of VSV-G-containing membranes in the vesicle fractions are indeed nonfunctional fragments of Golgi cisternae that are evenly distributed over most of the velocity sedimentation gradient fractions. The functional Golgi enzyme-containing vesicles appear to be depleted of secretory cargo.
We conclude that we have identified a novel type of Golgi-derived transport intermediates, and we propose that these are considered to be retrograde transport carriers. The fractionation behavior of these membranes indicates that they are vesicles, and in the light of our observation that vesicular transport of NAGT I between Golgi membranes in vitro depends on COP I components, it is reasonable to propose that these retrograde transport carriers are indeed COP I-coated vesicles. However, it is important to note that after accumulation of COP I-coated vesicles by AlF treatment of cells, only a fraction of the vesicle-associated NAGT activity could be immunoprecipitated with coatomer antibodies. This leaves open the possibility that other types of coat proteins might exist, or that our vesicle sample contains more than one type of Golgiderived vesicles. While we favor the explanation that retrograde transport carriers are COP I-coated vesicles, other hypotheses must be considered. For example, retrograde transport might be mediated by tubular extensions from Golgi cisternae, or the fenestrated rims of Golgi cisternae could play a role in connecting neighboring cisternae (Mellman and Simon, 1992; Weidman et al., 1993) . Such tubules or fenestrated membranes might easily fragment into vesicles upon homogenization, and their formation might require COP I components that might form and stabilize the tips of tubular extensions. A full understanding of retrograde transport will require a detailed morphological examination of retrograde transport carriers.
How do we reconcile our failure to identify intra-Golgi anterograde transport vesicles in this study with the in vitro and in vivo evidence that they exist? After all, a single round of vesicle formation and fusion had been reconstituted in vitro by following transport of VSV-G in COP I-coated vesicles (Ostermann et al., 1993) . While this earlier study's principal goal was to demonstrate that COP I-coated vesicles are functional intermediates, some have concluded from it that the in vitro Golgi transport assay measures vesicular transport of VSV-G. However, only 5-10% of the VSV-G was incorporated into vesicles, and only one third of this became Endo H-resistant after fusion. The high efficiency of VSV-G processing observed in the experiments shown here cannot be explained by this relatively inefficient transport alone. The study presented here was unbiased towards detecting a specific subclass of transport intermediates but rather defined a pool of vesicles that should in principle contain all different types of vesicles. If Golgi membranes produced vesicles that travel either in the anterograde or retrograde direction, then this pool should contain equal numbers of each. At this time, we can not offer a convincing explanation why anterograde transport vesicles were not detected. They could differ from retrograde vesicles in their mobility or their stability of binding to the Golgi apparatus, or they might be present at different steady-state concentrations because of differences in the kinetics of their formation and consumption. On the other hand, it is appropriate to note that models have been proposed that explain both protein transport through the Golgi and the asymmetric distribution of Golgi enzymes over the Golgi stack and predict retrograde but not anterograde Golgi-derived transport vesicles (Becker et al., 1995; Bannykh and Balch, 1997; Glick et al., 1997) .
